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Background: Conflicting results have been found regarding outcomes of intensive care unit (ICU)-36 
acquired Enterobacteriaceae bacteraemia and the potentially modifying effect of appropriate 37 
empiric antibiotic therapy.  38 
 39 
Aim: We therefore evaluate these associations while adjusting for potential time-varying 40 
confounding using methods from the causal inference literature.   41 
 42 
Methods: Patients who stayed >2 days in 2 general ICUs in England between 2002 and 2006 were 43 
included in this cohort study. Marginal structural models with inverse probability weighting were 44 
used to estimate the mortality and discharge associated with Enterobacteriaceae bacteraemia and 45 
the impact of appropriate empiric antibiotic therapy on these outcomes. 46 
 47 
Findings: Among 3,411 ICU admissions, 195 (5.7%) ICU-acquired Enterobacteriaceae bacteraemia 48 
occurred. Enterobacteriaceae bacteraemia was associated with an increased daily risk of ICU death 49 
(cause-specific hazard ratio [HR], 1.48; 95% confidence interval [CI], 1.10-1.99) and a reduced daily 50 
risk of ICU discharge (HR, 0.66; 95% CI, 0.54-0.80). Appropriate empiric antibiotic therapy did not 51 
significantly modify ICU mortality (HR 1.08; 95% CI, 0.59-1.97) or discharge (HR 0.91; 95% CI, 0.63-52 
1.32).    53 
 54 
Conclusion: ICU-acquired Enterobacteriaceae bacteraemia was associated with an increased daily 55 
risk of ICU mortality. Furthermore, the daily discharge rate was also lower after acquiring infection, 56 
even when adjusting for time-varying confounding using appropriate methodology. We found no 57 
evidence for a beneficial modifying effect of appropriate empiric antibiotic therapy on ICU mortality 58 
and discharge. 59 
 60 
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 61 
Introduction 62 
Bacteraemia is estimated to affect approximately 1.2 million people in Europe each year, of which 63 
up to 35% have a nosocomial-onset.
1
 Particularly in intensive care unit (ICU) settings, patients have 64 
an elevated risk of acquiring bacteraemia due to the severity of their illness and frequent use of 65 
invasive procedures, such as central line catheterisation.
2
  66 
 67 
Enterobacteriaceae are common causative pathogens of bacteraemia.
3
 None of the studies that 68 
evaluated ICU-acquired Enterobacteriaceae bacteraemia outcomes
2,4,5
 have addressed potential 69 
confounding by time-varying factors using appropriate methodology. The severity of illness of 70 
patients may be both a cause and effect of acquiring Enterobacteriaceae. Standard regression 71 
methods have been shown to be inadequate to account for such complex patterns of time-varying 72 
confounding by severity of illness; alternative solutions have been proposed instead, such as inverse 73 
probability weighting.
6-10
 Because of the lack of studies that make use of such methods, it is not clear 74 
to what extent patients die due to or only with ICU-acquired Enterobacteriaceae bacteraemia. 75 
 76 
While several studies indicate that, especially among critically ill patients, appropriate empiric 77 
treatment for bacteraemia is associated with reduced mortality,
11-19
 many other studies did not find 78 
a protective effect.
20-30
 Several analyses combined community- and hospital-acquired bacteraemia, 79 
adjusting for potential confounders measured at admission and/or at the day of bacteraemia onset, 80 
but did not use all available daily information about patients between admission and acquiring the 81 
bacteraemia.  82 
 83 
Here, we evaluate the impact of Enterobacteriaceae bacteraemia on ICU discharge and mortality, 84 
adjusting for potential time-varying confounding using inverse probability weighting. In addition, we 85 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
5 
 
estimate the influence of appropriate empiric antibiotic treatment on these outcomes using the 86 
same methodology.  87 
 88 
 89 
 90 
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Methods 92 
Patient data 93 
Clinical records of all patients admitted to one of two general ICUs at Guy’s and St Thomas’ Hospitals 94 
(London, UK) between 2002 and 2006 were obtained. Patients with an ICU length of stay of less than 95 
3 days were excluded. From the remaining cohort, we excluded patients with a blood culture 96 
positive for Enterobacteriaceae during the first 2 days in the ICU, to exclude community-acquired 97 
cases. Age, gender, type of admission (surgical or medical), and ICU ward were recorded at ICU 98 
admission. The following variables were recorded at baseline and subsequently on a daily basis: 99 
Acute Physiology and Chronic Health Evaluation (APACHE) II score, receipt of systemic 100 
antimicrobials, mechanical ventilation, central lines, and renal replacement therapy. In addition, we 101 
obtained admission, discharge and mortality data, and microbial culture and sensitivity test results. 102 
The effect of the first ICU-acquired microbiological proven Enterobacteriaceae bacteraemia was 103 
modelled. Patients were considered to have received appropriate empiric treatment if they were 104 
prescribed one or more systemic doses of one or more antibiotics to which the organism cultured 105 
was sensitive in vitro on the day the blood culture was taken.
20 
106 
 107 
Marginal structural model  108 
Marginal structural models along with inverse probability weighting were used to adjust for 109 
confounding by severity of illness.  110 
In particular, a pseudo-population was constructed by reweighting patients in the risk set on each 111 
day (all patients who did not acquire Enterobacteriaceae bacteraemia in one of the previous days) by 112 
the inverse of the product of the conditional probabilities of the observed infection status before 113 
that day, given the history of time-varying confounders.
7-9
 After weighting, a pseudo-population 114 
remains in which there is no further time-varying confounding by the considered confounders. To 115 
additionally estimate the effect of appropriate empiric antibiotic therapy on ICU mortality and 116 
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discharge, we multiplied the obtained weights for infected patients, from the time of infection 117 
onwards, by the reciprocal of the conditional probability that their bacteraemia was appropriately 118 
treated or not, given time-varying confounders on the previous day. These weights were calculated 119 
as described in Appendix 1.  120 
 121 
 122 
The marginal structural model was fitted using weighted Cox proportional hazard regression with 123 
robust standard errors, thereby accounting for ICU mortality and discharge being competing events. 124 
We included the baseline variables used for stabilization of the weights in the final model, to take 125 
into account possible residual confounding by those variables.
31
 To evaluate the effect of 126 
Enterobacteriaceae bacteraemia, we included a time-varying indicator which was zero before 127 
infection and one from the time of infection onwards. The model that was used to estimate the 128 
effect of appropriate empiric treatment additionally included an indicator for appropriate treatment, 129 
which equalled one if a patient received appropriate empiric antibiotic treatment and zero if the 130 
patient either received inappropriate empiric treatment or not (yet) acquired Enterobacteriaceae 131 
bacteraemia. 132 
 133 
Although there were no missing values at baseline, there were missing values for the APACHE II 134 
score in 3.7% of the subsequent days. Those missing values were imputed using the last observation 135 
carried forward method.   136 
 137 
All models were built using R version 3.2.1 (R Foundation for Statistical Computing, Vienna, Austria; 138 
packages “ipw”, “splines”, ”survival”, ”zoo”). The proportional hazard assumption was evaluated 139 
graphically by plotting weighted Schoenfeld residuals for all proportional hazards models.  140 
 141 
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Scenario analysis 142 
Despite extensive confounding adjustment, appropriate treatment may still be a marker of more-143 
severe infection. To assess whether this may, indeed, be the case, we evaluated whether patients 144 
with more severe infections were more likely to receive appropriate empiric antibiotic treatment. 145 
Severe Enterobacteriaceae bacteraemia was defined by the clinical presence of at least three of the 146 
following indicators: i) respiratory rate of 22/min or greater; ii) systolic blood pressure of 100mm Hg 147 
or less; iii) temperature >38.5°C; iv) white blood cell count >15,000/mm
3
.  148 
Further adjustment for the severity of infection measured on the day the blood culture was taken 149 
could also bias the results, as severity markers may actually be measured after initiation of – and 150 
hence affected by – (in)appropriate empiric antibiotic therapy. Therefore, we fitted a logistic 151 
regression model among patients with Enterobacteriaceae bacteraemia and compared the odds of 152 
receiving appropriate treatment for severe versus non-severe Enterobacteriaceae bacteraemia, 153 
while adjusting for covariates measured the day before acquiring the bacteraemia.  154 
 155 
 156 
157 
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Results 158 
In total, 3,121 patients were included in the study, contributing 3,411 ICU admissions with a length 159 
of stay of at least 3 days and without having a blood culture positive for Enterobacteriaceae during 160 
the first two days in the ICU. Among those 3,411 ICU admissions, 195 (5.7%) ICU-acquired 161 
Enterobacteriaceae bloodstream infections occurred. In 173 (88.7%) cases, only one type of 162 
Enterobacteriaceae was isolated from the blood, while for 20 cases 2 (10.3%), and for 2 cases 3 (1%) 163 
different types were isolated. The isolated microorganisms were Escherichia coli (n=63), 164 
Enterobacter spp. (n=57), Klebsiella spp. (n=50), Proteus spp. (n=23), Serratia spp. (n=19) and 165 
Citrobacter spp. (n=7). Median time from ICU admission to bacteraemia onset was 10 (25th – 75th 166 
percentile, 7-17) days.  167 
 168 
Patient characteristics on admission are shown in Table I. The crude ICU mortality risk of patients 169 
that acquired Enterobacteriaceae bacteraemia was 40.0% compared to 19.5% for patients who did 170 
not. Median unadjusted length of stay in the ICU was 22 days (25th-75th percentile, 14-40) for 171 
patients acquiring bacteraemia and 7 days (25th – 75th percentile, 4-13) for patients who remained 172 
bacteraemia-free.  173 
 174 
Using a marginal structural model, ICU-acquired Enterobacteriaceae bacteraemia was associated 175 
with an increased daily risk of death in the ICU (cause-specific hazard ratio [HR], 1.48; 95% 176 
confidence interval [CI], 1.10-1.99) (Table II). The daily risk of ICU discharge was reduced (cause-177 
specific HR, 0.66; 95% CI, 0.54-0.80), thereby increasing the length of stay and therefore the overall 178 
number of ICU deaths.  179 
When extreme weights are generated, inference using marginal structural models is less reliable.
6,7
 180 
The inverse probability weights used in our marginal structural models had a median and mean of 181 
0.99 and 0.99, an interquartile range and standard deviation of 0.03 and 0.19, a minimum of 0.13 182 
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and maximum of 3.24. These values indicate that our analyses are not negatively affected by 183 
extreme weights. 184 
 185 
Appropriate empiric antibiotic treatment  186 
Of all bacteraemia cases caused by Enterobacteriaceae (n=195), 74 (38%) received appropriate 187 
empiric antibiotic treatment at the day the blood sample was taken. Of those appropriate empiric 188 
antibiotic treatment courses, 92% were with at least one of six antibiotics (gentamicin, ceftazidime, 189 
ciprofloxacin, piperacillin/tazobactam, meropenem and amikacin) recommended in local guidelines 190 
(Appendix 2).
32
 Of all patients who did not receive appropriate empiric treatment on the day of 191 
infection (n=121), 73 (60%) did receive appropriate treatment at some point during their stay. A 192 
switch to appropriate antibiotic treatment occurred for 79% of these patients within 2 days, 193 
indicating that if a change was made, it was usually done based on clinical symptoms and before the 194 
full microbiological test results, particularly susceptibility test results, were available. In our analysis 195 
we only took into account whether treatment was appropriate on the day the sample was taken.  196 
 197 
Appropriate treatment was not significantly associated with the daily risk of ICU mortality (cause-198 
specific HR 1.08; 95% CI, 0.59-1.97) or ICU discharge (cause-specific HR 0.91; 95% CI, 0.63-1.32). The 199 
weights used to reweight the patient population had a median and mean of 0.99 and 1.00, an 200 
interquartile range and standard deviation of 0.03 and 0.24 (min. 0.14, max. 5.21).  201 
  202 
Secondary analysis showed that severe infections were not associated with an increased odds of 203 
receiving appropriate empiric antibiotics (adjusted odds ratio, 1.09; 95% CI, 0.59-2.01).   204 
 205 
206 
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Discussion 207 
In this study, ICU-acquired Enterobacteriaceae bacteraemia had a substantial impact on ICU 208 
mortality. Moreover, the daily discharge rate was also substantially lower among patients that 209 
acquired such an infection, even after adjusting for time-varying confounding using a marginal 210 
structural model. Additional length of stay and ICU mortality associated with ICU-acquired 211 
Enterobacteriaceae bacteraemia was irrespective of initial empiric treatment, i.e. whether this was 212 
appropriate or inappropriate.  213 
 214 
When interpreting the results, it should be noted that our analysis assessed the influence of 215 
acquiring Enterobacteriaceae bacteraemia versus not acquiring it on clinical outcomes. Information 216 
about bacteraemia caused by other pathogens was ignored. A direct comparison of effect estimates 217 
with other studies evaluating the effect of ICU-acquired Enterobacteriaceae bacteraemia is difficult 218 
due to different clinical settings, focus on specific bacteria belonging to the Enterobacteriaceae 219 
family, and different methodology.  220 
 221 
We found no evidence for initial appropriate empiric antibiotic therapy being associated with ICU 222 
mortality or length of stay. Our findings are in line with several recent studies that did not find an 223 
association between inappropriate antibiotic therapy and mortality.
20-30
 A recent prospective 224 
evaluation of empiric antibiotic therapy and mortality in ten English acute hospitals did not find an 225 
association between inappropriate empiric antibiotic therapy and mortality at 7 or 30 days (adjusted 226 
OR 0.82; 95% CI 0.35-1.94 and adjusted OR 0.92; 95% CI 0.50-1.66, respectively).
20
 In that study, it 227 
was suggested that the contrasting results with the older literature may reflect advances in 228 
supportive care, changes in patient mix and differences in the main antibiotic classes used.
20
 Another 229 
factor that may contribute to the contrasting results in the literature is the substantial variation in 230 
methodological quality of different studies.
13
  231 
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 232 
We evaluated whether more severe infections were more likely to receive appropriate empirical 233 
treatment. However, we found no evidence for severe infections being associated with appropriate 234 
empiric treatment. Unfortunately, the data were too limited to be able to assess whether 235 
appropriate empiric treatment is only effective in severely ill patients or other subgroups.
17
  236 
 237 
Another explanation of the absence of a protective effect may be that the majority of switches to 238 
appropriate treatment occurred within 2 days after the blood sample was taken. Hence, changes or 239 
escalation of therapy, if necessary from a clinical perspective, were typically done without 240 
knowledge of microbiological test results and based on clinical assessment. Such switches may have 241 
occurred timely enough to prevent potential detrimental effects of initial inappropriate empiric 242 
treatment. This has also been observed in a randomized controlled trial evaluating the potential 243 
impact of rapid diagnostic tests, where escalation of therapy often happened before the full lab 244 
results were available.
33
 Although not powered to assess mortality and length of stay, that trial did 245 
not observe lower mortality rates or higher discharge rates among patients in the rapid diagnostic 246 
test arms, despite a shorter time to first appropriate antibiotic escalation.
33
  247 
 248 
Strengths and limitations 249 
This is the first study evaluating the effect of ICU-acquired Enterobacteriaceae bacteraemia on ICU 250 
discharge and mortality, while addressing confounding by the evolution of disease prior to infection 251 
using appropriate methodology. Data were available for several years, providing sufficient power to 252 
focus on Enterobacteriaceae instead of all Gram-negative bacteria grouped together.  253 
 254 
Although we took into account as much information as possible and applied advanced statistical 255 
methodology to correct for confounding, several limitations must be acknowledged.  256 
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Despite marginal structural models allowing appropriate adjustment for time-varying confounding, 257 
these techniques remain vulnerable to unmeasured or residual confounding. For example, urinary 258 
focus may be associated with more resistance and hence more likely inappropriate treatment and at 259 
the same time be associated with less severe outcomes than other foci.
20
 This may have resulted in 260 
an underestimation of the beneficial effect of appropriate empiric antibiotic therapy.  261 
We evaluated ICU discharge and mortality in the ICU, but follow-up beyond the ICU would have 262 
been necessary to fully capture the effect of ICU-acquired Enterobacteriaceae bacteraemia on 263 
mortality or total hospital stay.  264 
 265 
Appropriateness of empiric antibiotic treatment was determined based on in vitro susceptibility 266 
tests. However, treatment classified as inappropriate potentially had some activity in vivo.
20
 267 
Likewise, in vitro susceptibility does not guarantee susceptibility in vivo.  268 
  269 
Due to data limitations in records of more recent years, we had to restrict our analysis to the years 270 
2002-2006. Since then, the number of Enterobacteriaceae bacteraemia cases resistant to the most 271 
commonly used antibiotics has increased.
3
 Although this might result in selection of appropriate 272 
empiric antibiotic therapy being more difficult in recent years compared with our period of study,  273 
this would unlikely substantially affect the modifying effect of appropriate empiric antibiotic therapy 274 
itself.    275 
 276 
Preferably, for future analysis, a large multi-centre prospective study will be performed, collecting 277 
information about all potential confounders at baseline and during the ICU-stay. Robust estimates 278 
can be obtained by analysing such data using inverse probability weighting for marginal structural 279 
models, G-estimation for structural nested models, or G-computation.
6
  280 
 281 
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ICU-acquired Enterobacteriaceae bacteraemia was associated with an increased daily risk of ICU 282 
mortality. Furthermore, the daily discharge rate was also lower after acquiring infection, even when 283 
adjusting for time-varying confounding using marginal structural models. When taking into account 284 
daily information about patients between ICU admission and acquiring bacteraemia using 285 
appropriate methodology, these associations were not modified by appropriate empiric antibiotic 286 
treatment. Although our results do not exclude a beneficial impact of empiric antibiotic therapy on 287 
ICU mortality and discharge, they suggest the health-economic benefit of rapid diagnostic testing in 288 
the ICU setting may be less than initially anticipated and may rely mostly on reductions in antibiotic 289 
use and resulting resistance. 290 
 291 
292 
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 395 
 396 
Table I. Baseline characteristics and crude length of stay and ICU-mortality rates for patients with 397 
and without ICU-acquired Enterobacteriaceae bacteraemia 398 
 Patients with bacteraemia 
(n=195) 
Patients without bacteraemia 
(n=3,216) 
Male sex, n (%) 131 (67.2) 1,966 (61.1) 
Age, mean (SD) 63.1 (14.11) 60.7 (17.11) 
APACHE II, mean (SD) 20.1 (6.4) 18.2 (6.5) 
Admission type 
  Medicine, n (%) 
  Surgery, n (%) 
 
121 (62.1) 
74 (37.9) 
 
1,964 (61.1) 
1,252 (38.9) 
ICU length of stay, median (Q1, Q3) 22 (14, 40) 7 (4, 13) 
ICU mortality, n (%) 78 (40.0) 627 (19.5) 
Abbreviations:  ICU, intensive care unit; SD, standard deviation. 399 
 400 
401 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
22 
 
 402 
Table II. ICU-acquired Enterobacteriaceae bacteraemia outcomes and influence of appropriate 403 
empiric antibiotic therapy 404 
 ICU mortality CSHR (95% CI) ICU discharge CSHR (95% CI) 
Enterobacteriaceae 
bacteraemia
a 
1.48 (1.10-1.99) 0.66 (0.54-0.80) 
Appropriate empiric antibiotic 
treatment
b 
1.08 (0.59-1.97) 0.91 (0.63-1.32) 
Abbreviations: CI, confidence interval; CSHR, cause-specific hazard ratio; ICU, intensive care unit. 405 
a 
The final model estimating the stabilized weights  for Enterobacteriaceae bacteraemia at each day included the Acute 406 
Physiology and Chronic Health Evaluation (APACHE) II score,  the presence of central lines and antibiotic administration as 407 
time-varying covariates. These weights were stabilized by including gender as a baseline covariate. 408 
b
 The final model estimating the stabilized inverse probability weights for appropriate empiric antibiotic treatment included 409 
the APACHE II score and the presence of central lines as time-varying covariates. These inverse probabilities were stabilized 410 
by including the APACHE II score at admission as a baseline covariate. The final stabilized weights were subsequently 411 
obtained by multiplying the daily stabilized weights for Enterobacteriaceae bacteraemia with the daily stabilized inverse 412 
probabilities for appropriate empiric antibiotic therapy.   413 
414 
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Appendix 1. Calculation of the inverse probability weights. 415 
To calculate the inverse probability weights, daily probabilities of acquiring Enterobacteriaceae 416 
bacteraemia given baseline and time-varying covariates were estimated by using pooled logistic 417 
regression models; these probabilities were set to 1 from the time of bacteraemia onwards. To avoid 418 
large weights, we included baseline covariates in the numerator weights and then later also in the 419 
marginal structural model.
38
 We considered all previously listed variables in the model.  420 
We allowed for a non-linear effect of time by using restricted cubic splines. Non-linear effects of 421 
other continuous covariates, i.e. age, APACHE II score and number of systemic antibiotics at each 422 
day, were allowed in the model by including quadratic terms. In addition, we allowed for 2-way 423 
interactions between (i) APACHE II score at admission and subsequent daily APACHE II score 424 
measurements, and (ii) type of admission and daily APACHE II scores. To build parsimonious models, 425 
we first added all main effects to the model and sequentially removed them if nonsignificant at the 426 
5% level. Next, the suggested interaction terms and non-linear effects were sequentially added if 427 
significant at the 5% level. Similar estimates for the probability that the Enterobacteriaceae 428 
bacteraemia of infected patients were appropriately treated were calculated. The obtained 429 
probabilities were then used to generate daily patient-specific weighing factors.    430 
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Appendix 2. Table I. Appropriate antibiotic therapy for ICU-acquired Enterobacteriaceae 432 
bacteraemia 433 
Appropriate empiric antibiotic therapy  at day of 
first positive blood sample taken (n=74)
a
 
N (%) 
Amikacin 14 (19) 
Amikacin + co-amoxiclav  1 (1) 
Amikacin + colistin 1 (1) 
Ceftazidime 10 (14) 
Ceftazidime + gentamicin 3 (4) 
Cefuroxime 3 (4) 
Ciprofloxacin 8 (11) 
Co-amoxiclav 1 (1) 
Colistin 2 (3) 
Gentamicin 25 (34) 
Piperacillin/tazobactam 6 (8) 
a 
Only antibiotics shown for which the bacteria were susceptible on the day of the blood sample was taken. E.g. if a patient 434 
received both gentamicin and meropenem, but the bacteria were only sensitive to gentamicin, it is shown as monotherapy 435 
with gentamicin. At the time of the study local guidelines recommended a single antibiotic course for all ICU-acquired 436 
gram-negative infections. All patients with severe sepsis or septic shock were recommended to receive a single dose of 437 
gentamicin if a non-aminoglycoside antibiotic course was selected.  438 
 439 
